Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant tumors and the third leading cause of cancer-related death in the world. 1 Although a great progress has been made in HCC treatment, including curative surgery and nonsurgical treatment, the HCC prognosis remains poor. 1 The result of treatment depends on the HCC stage at the time of diagnosis. HCC can be cured if diagnosed at an early stage. However, most HCCs are diagnosed at an advanced stage when patients visit physicians with symptoms.
Glypican-3 (GPC3), a member of the heparan sulfate (HS) proteoglycan family, is attached to the cell surface by a glycosyl-phosphatidylinositol (GPI) anchor and can be cleaved off the cell surface. The soluble GPC3 can be detected in serum (sGPC3). 2, 3 GPC3 is widely expressed in human embryos and plays a significant role in morphogenesis and growth, by mechanisms involving insulin-like growth factor, bone morphogenetic protein (BMP), fibroblast growth factor (FGF) or hedgehog (Hh) signaling pathway. [4] [5] [6] GPC3 can be detected in the fetal liver from embryonic weeks 18 to 30, but cannot be identified in any normal adult hepatic tissue. [4] [5] [6] [7] In recent years, extensive research has been carried out on the role of GPC3 in diagnosis, progression and treatment of HCC in vivo and in vitro. 8, 9 Here, we summarize current evidences for the use of GPC3 as a diagnostic biomarker, its oncogenic function and as a immunotherapeutic target for HCC patients.
GPC3 as a biomarker for diagnosis and prognosis of HCC
In 1997, Hsu et al 7 first reported that mRNA and protein levels of GPC3 were upregulated to a greater extent in most HCCs than in normal liver, cholangiocarcinoma and metastatic carcinomas of the liver. Since then, the diagnostic value of GPC3 in HCC has been studied extensively, and increasing studies have confirmed that GPC3 would be a useful serological and immunohistochemical biomarker for HCC. By immunolabeling GPC3 with a monoclonal antibody, Capurro et al 8 revealed that 72% of HCCs were GPC3-positive; however, GPC3 was undetectable in normal liver tissues, cirrhosis or benign lesions. Other studies conducted on GPC3 across the world also revealed similar results. [9] [10] [11] [12] [13] Besides, the membranebound GPC3 can also be cleaved off by lipase from the GPI anchor.
14 Thus, the diagnostic value of sGPC3 was evaluated later by several studies. Our study also verified that GPC3 was a sensitive and specific biomarker for diagnosis of early HCC due to its high expression in HCC tissue. 9 Moreover, we found that sGPC3 was detectable in 48.8% of patients with negative serum α-fetoprotein (AFP), which further confirmed that GPC3 might be a serum marker for HCC and indicated that GPC3 could be used to distinguish AFP-negative HCC from cirrhotic nodules. 11 Qiao et al analyzed the serum levels of GPC3, AFP and human cervical cancer oncogene (HCCR) in 189 cases (101 HCC, 40 cirrhosis, 18 hepatitis and 30 control healthy donors). 10 They concluded that GPC3 was the best sensitive biomarker of the three biomarkers mentioned earlier, and the combination of these three biomarkers, with a sensitivity of 80.2%, was much higher than AFP alone.
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In recent years, in vivo and in vitro studies displayed the use of Zr-α GPC3, a HCC-specific positron emission computed tomography (PeT) probe, in HCC imaging as well as the detection of GPC3 levels by small-animal PeT. Those results suggested that the identification of small liver lesions with a HCC-specific PeT probe would help physicians to make the differential diagnosis between HCCs and benign lesions in cirrhotic patients so that patient management could be significantly altered. 13, 14 In addition, extensive studies to determine the prognostic value of GPC3 were carried out in HCC patients. [15] [16] [17] [18] [19] Increasing evidence revealed that high GPC3 expression was a prominent prognostic factor that predicted a poor outcome for HCCs. Clinicopathological studies on GPC3-Immunohistochemistry stainings revealed that high GPC3 expression was associated with poor postoperative disease-free survival (DFS) and overall survival (OS) and that it also served as an independent risk factor. [15] [16] [17] Patients with overexpressed GPC3 in HCC tissues showed notably shorter OS and DFS than those with underexpressed GPC3. Several meta-analytic studies also supported the fact that a high GPC3-IHC score was one of the prognostic factors in HCC, as there was a significantly negative correlation between GPC3 expression and OS or DFS of HCC patients.
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GPC3-mediated signaling pathway in HCC progression
In addition to being a reliable indicator for the diagnosis and prognosis of HCC, GPC3 has a significant role in the progression of HCC (Figure1). GPC3 functions as a coreceptor/storage site for some ligands, e.g. Wnt and FGF, via its HS side chains, and facilitates ligand and/or its receptors to stimulate the signaling pathways involved in HCC growth and invasion. Several studies showed that GPC3 could promote the growth of hepatoma cells in vivo and in vitro.
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Capurro et al suggested that GPC3 promoted the growth of hepatoma cells by stimulating canonical Wnt/b-catenin signaling pathway activity in vivo and in vitro. 20 Recently, this GPC3-mediated activation of Wnt signaling pathway in HCC cells has been confirmed by other reports. 21, 22 Li et al showed that ectopic GPC3 could increase the c-Myc expression, a typical target of the canonical Wnt signaling pathway; c-Myc can also transcriptionally activate GPC3 directly in HCC cells. 21 Zittermann et al 22 reported that soluble GPC3, which is cleaved off the cell membrane at the GPI anchor domain, could inhibit the in vivo growth of HCC cells by blocking the canonical Wnt signaling pathway in tumors generated by Huh6 and Huh7, and Akt and eRK signaling activation in HepG2-and Huh7-derived tumors, respectively. In other words, this activity can be observed only when GPC3 is attached to the cell membrane. On the other hand, it is possible that GPC3 promotes the growth of HCC cells by mediating other signaling pathways. For example, Sun et al proved that suppression of GPC3 inhibited cell proliferation and enhanced apoptosis via upregulation of TGF-b2 in vivo and in vitro. 23 In addition, it has been demonstrated that several FGF members (FGF8, FGF17 and FGF18) were upregulated in the great majority of HCC samples. 24 Metastasis is an important aspect of HCC progression, and epithelial-mesenchymal transition (eMT) is considered as the first step in the metastatic cascade. 25 Recently, we have found that the expression of GPC3 in HCC tissue was upregulated during HCC progression from Barcelona Clinic Liver Cancer stage A or B to stage C. The increased expression of GPC3 in tumor tissues was closely related to the level 
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GPC3 in hepatocellular carcinoma of eMT markers, as well as to the cancer vascular invasion. HepG2 cells, expressing a higher level of GPC3, possessed stronger ability of invasion and exhibited more eMT-like changes than those of HCC cell lines that expressed lower levels of GPC3 (Hep3B and Huh7). Our studies suggested that GPC3 promoted HCC progression and metastasis by inducing eMT in tumor cells, and the eRK signaling pathway is involved in this GPC3-induced process. 26 In addition, Ruan et al also reported that GPC3 promoted the metastasis of HCC in vitro and in vivo.
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GPC3 is a new therapeutic target for HCC
Based on the HCC-specific expression of GPC3 in liver, it is an emerging target for liver cancer therapy. A number of studies demonstrated that GPC3 is a potential therapeutic target for HCC. [28] [29] [30] Currently, antibodies targeting GPC3, including human antibody HN3 and humanized mouse antibodies YP7 and GC33, are in different stages of preclinical or clinical development. GC33, a humanized mouse antibody recognizing a C-terminal domain of GPC3, showed notable cytotoxic activity against GPC3-positive hepatoma cells in vivo by complement-dependent cytotoxicity and/or antibody-dependent cell cytotoxicity. [31] [32] [33] [34] GC33 exhibited marked effect against metastatic or advanced HCC in a phase I trial, 35 and the patients well tolerated a dose escalation of GC33 (2.5-20 mg/kg). 36 Currently, more clinical trials for GC33 alone (phase II clinical trials) and GC33 combined with sorafenib, a chemodrug, are recruiting volunteers (phase I clinical trials). A randomized phase II clinical trial on GC33 was conducted in 185 patients with HCC metastasis. In this clinical trial, the dose of GC33 was set at 1,600 mg (intravenous) on days 1 and 8, and then every 2 weeks thereafter. There was no significant change in mean progression-free survival (PFS) between GC33 and placebo groups (2.6 mo vs 1.5 mo, HR = 0.97, P = 0.87). 37 However, higher exposure of GC33 with FcgR3A-158v polymorphism or CD16 expression intensity may prolong PFS, and therefore, further studies to analyze the GPC3-positive HCC immuno-microenvironment are necessary. 37 YP7, a new humanized mouse anti-GPC3 antibody, has high affinity and recognizes the C-terminal epitope that overlaps the GC33-binding site and displays the capacity of suppressing tumor activity in vivo. HN3, a human singledomain antibody, can also inhibit HCC cell lines and growth of xenograft tumors by binding to the GPC3 N-terminal and C-terminal domains. 38 Currently, the GAO study group found that treatment with GPC3 monoclonal antibodies, such as HN3 and YP7, could suppress the growth of HepG2-and Hep3B-generated tumor xenografts. 39 Treatment with HN3 showed higher antitumor activity than YP7. 40 Both HN3 and YP7 exhibit antitumor activity in vitro and in vivo, but their efficacies in HCC patients need to be determined and require further clinical trials.
GPC3 cannot play a dominant role in the apoptosis of HCC cells, and the fact that the GC33 or HN3 antibody could completely eliminate HCC cells needs further trials for confirmation. In combination with chemotherapy, armed antibodies, such as antibody-drug conjugates, bispecific antibodies and chimeric antigen receptor T-cell adoptive therapy may be better potential ways for HCC therapy.
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Conclusion
GPC3 is overexpressed in most of the HCC tumors, and was also used as an indicator for HCC diagnosis and prognosis. It is used as a potential target for developing therapeutic antibodies for HCC treatment. However, the relationship between GPC3 structure and function remains unclear. In addition, in order to develop GPC3-targeted therapies in HCC treatment, the expression and regulation of GPC3 in HCC need further confirmation.
